muscle cells. These results were not explained by elevated blood pressure or LVH, respectively.
Methods. Sprague-Dawley rats were subjected to Introduction binephrectomy (2 days) or subtotal nephrectomy (8 weeks). Controls were sham-operated rats and rats
Death from cardiac causes is the most common fatality with Goldblatt hypertension. Cardiac expression of in patients with chronic renal insufficiency [1] . In proliferating cellular nuclear antigen (PCNA), of particular, left ventricular hypertrophy (LVH ) is a growth factors and of their receptors (PDGF, TGF-b, frequent alteration [2, 3] . The risk of cardiac death is VEGF ) was investigated immunohistochemically. In higher by a factor of 20 compared to the background addition, cardiac PDGF-and TGF-b mRNA were population [1] . Although increased blood pressure is assessed using quantitative RT-PCR.
one cause of LVH, several experimental and clinical Results. Eight weeks after subtotal nephrectomy studies clearly demonstrated that cardiac structural (SNX ) significantly increased expression of PCNA and changes in renal failure are in part independent of PDGF was found in the cardiac interstitium and of blood pressure [2, 4] . Furthermore, structural remodel-PCNA and VEGF in the walls of intramyocardial ling of the heart has been documented in experimental arteries. In addition, PCNA-positive cardiomyocytes renal failure [5] and in uraemic patients [6 ] . The were noted in SNX. Similar changes were not seen in alterations in heart structure include activation and the hearts of hypertensive controls, i.e. rats with renoexpansion of the non-vascular interstitial tissue, vascular hypertension, despite slightly higher blood reduced capillary supply and increased wall thickness pressure and more pronounced left ventricular hyperof intramyocardial arteries [4, 5, 7, 8] . Their pathogentrophy (LVH ). While significant changes of cardiac esis has not been fully clarified, but good arguments PDGF-and TGF-b mRNA expression could not be have been provided for a role of the following factors: documented in the whole-heart homogenates 8 weeks increased preload and afterload, anaemia, increased after subtotal nephrectomy, 2 days after bilateral nephsympathetic activity, activated ( local?) renin-angiotenrectomy PDGF mRNA was significantly increased and sin system, parathyroid hormone (PTH ), abnormal TGF-b mRNA decreased.
nitric oxide synthesis, and abnormal action of Conclusion. The observations demonstrate (i) speciendothelin [9,10]. fic activation of cardiac interstitial cells after SNX,
The present study in uraemic rats used immuno-(ii) activation of postmitotic cardiomyocytes, possibly histochemistry to assess whether growth factors with predisposing to apoptosis, (iii) increased expression a documented role in cardiac remodelling of hypertenof PDGF in the cardiac interstitium and in the wall of sion and ischaemia [11] [12] [13] [14] are also activated in renal intramyocardial arteries, (iv) increased expression of failure. Sham-operated rats and Goldblatt rats with VEGF associated with hypertrophy of arterial smooth renovascular hypertension (1C-2K ) and marked LVH were used as controls to clarify whether postural changes observed were specific for uraemia or non-as follows. First, the right kidney was removed under ketamine/diazepam anaesthesia (100 mg/kg or 2.5 mg/kg respect-*Paraffin section. ively). Seven days later, the left kidney was subtotally resected by removing 3/4 of the weight of the resected right kidney from its cortex. The control animals were sham operated by antibody (see Table 1 ) at a previous determined dilution in decapsulating the kidney. Special care was taken to avoid a moist chamber for 1 h at room temperature. Antibodies damage to the adrenals. Blood pressure was measured by against platelet-derived growth factor (PDGF ) -AA, -BB, tail plethysmography every 2 weeks. Eight weeks after the AB, -receptor A and B (PDGF-R-A, PDGF-R-B), transsecond operation the experiment was terminated by perfusion forming growth factor-b (TGF-b) 1,2,3, TGF-b 1 receptor fixation. In parallel, 5 male SD rats (150 g) underwent (TGF-b R-I ), TGF-b 2,3 receptor ( TGF-b R-II ), and vascuclipping of the left renal artery (Goldblatt rats, 1C-2K ) with lar endothelial factor ( VEGF ) were used (Table 1) . For a 0.3-mm silver clip under ketamine/diazepam anaesthesia staining of PDGF-AB sections were incubated for 30 min (see above). These animals were used as controls for SNX with rabbit anti-goat (1520, Dako, Germany). Slides were in immunohistochemical studies. rinsed and incubated for 30 min with anti mouse IgG Biotin (15100, Dianova, USA, monoclonal antibodies) or antirabbit Biogenex (1520, Biogenex, USA, polyclonal antibod-
Acute renal failure (2 days)
ies) respectively. Then the sections were incubated for 30 min at room temperature with super-sensitive label alkalineIn an ancillary experiment to assess a potential time course phosphatase-conjugated streptavidin (Biogenex, USA) folof cardiac PDGF-and TGF-b mRNA expression the follow-lowed by incubation with anti mouse IgG biotin (see above) ing experimental protocol was used: Animals (SD, 200 g, n= and the label complex to enhance the reaction. Sections were 5-7 per group) were sham operated or bilaterally nephrecto-then incubated with 2 mg/ml levamisol in TBS for 30 min mized (NX ) and followed for 2 days (operation protocol, and the developing procedure was performed by adding see above). TGF-b-and PDGF-mRNA measurements were substrate solution (Dako, Germany). Colour development performed as described below.
was stopped under microscopic control by adding water and sections were then finally counterstained. Paraffin sections (PCNA staining) were dewaxed and dehydrated in xylol;
Tissue preparation
after blocking of non-specific binding, sections were processed as described above. All antibodies used had been At the end of the experiment, the abdominal aorta was tested for specificity in the rat. Negative controls were catheterized under 10% chloral hydrate anaesthesia (7 ml/kg performed by omitting the primary antibody. For every body-weight i.p.), blood samples were taken and the viscera antibody, staining of control and SNX sections was perwere rinsed with 10% dextran solution containing 0.5 g/l formed in the same run to reduce run-to-run variations in procaine-HCl for 2 min; 10 s after starting the aortic perfustaining intensity. Sections of 1C-2K were stained separately sion, the vena cava was incised to drain the blood. After but staining intensity was compared with the reference secdextran infusion, the vascular system was perfused with icetions (sham, SNX ) before analysis. If problems were encouncold NaCl (0.9%) for 12 min, After the perfusion, the heart tered, the immunohistochemical staining was repeated. was carefully taken out, weighed, and processed as follows. For immunohistochemical and molecular biological investigations each heart was cut into three pieces perpendicular to Semiquantitative immunohistochemical analysis the longitudinal axis. One piece was fixed with 8% buffered formaldehyde and embedded in paraffin, while the two Protein expression was quantified by two independent investremaining pieces were carefully snap frozen for immuno-igators using a semiquantitative scoring system (0, no expreshistochemistry and molecular biological investigations sion; 1, weak expression; 2, moderate expression; 3, strong respectively. Afterwards, paraffin (4 mm) and frozen (5 mm) expression; 4, very strong expression) at a magnification of sections were prepared and used for immunohistochemistry. ×400. Staining intensity was calculated as the mean score of the two observers. Interobserver error was determined by comparing the individual scores per section and the mean Immunohistochemistry (Table 1) score per animal of the two observers. The number of PCNApositive cells (interstitial cells and vascular smooth-muscle Frozen sections were fixed in acetone at 4°C. After blocking of non-specific binding with 30% goat serum for 30 min the cells) per area myocardium and per vessel cross-sectional lumen area was counted in 50 fields per section (3.125 mm2) sections were incubated with the unconjugated primary at a magnification of×400. Again, for each animal the mean fication product 225 bp) was reamplified using PDGF-S and a linker primer (PDGF-L) which anneals to bases 166-175 of the two observers was calculated.
of the primary amplification product and which contains at its 5∞ end the last 10 bases of PDGF-AS as a linker sequence
Competitive polymerase chain reaction for measurement (5∞-TGACGCTGCGGCTGCTGGTGTTACAGCAGC-3∞). of TGF-b and PDGF mRNA
This secondary amplification product (size 185 bp) was reamplified using S and AS resulting in a cDNA (size 195 bp) Quantification of PDGF-and TGF-b mRNA was carried that is 30 bp shorter than the original one but contains the out using reverse transcription in combination with a quantit-complete primer sequence of S and AS. This deletion mutant ative polymerase chain reaction (RT-PCR) as described by was subcloned into pGEM T-vector (Promega, Madison, Nabokov et al. [15] . Deletion mutants of PDGF-and TGF-USA) as described in [18] . For generation of the TGF-b b cDNA were generated as internal standards during ampli-deletion mutant the PCR product was cloned into pGEM fication. Total RNA was isolated from frozen tissue samples T-vector (Promega) and a 99-bp fragment was cut out with of rat heart preparations by use of Trizol (Life Technologies, EcoO 109I. Religation resulted in a deleted TGF-b cDNA Eggenstein, Germany). Integrity of isolated total RNA was (size 305 bp) with recognition sites for TGF-b-S and checked by elelectrophoresis in 1% agarose gels. RNA TGF-b-AS. concentration was determined photometrically in duplicate.
Competitive PCR Oligonucleotides
The mutant cDNAs were added to the PCR mixture after PDGF was amplified using the following oligonucleotides: reverse transcription to compete with the endogenous PDGFas sense primer 5∞-CCTGCCCATTCGGAGGAAGAG-3∞ and TGF-b cDNA respectively. For quantification of PDGF (PDGF-S ), as antisense primer S∞-TTGGCCACCTTGA-0.3 pg of the internal standard was added to the PCR mixture CGCTGCG-3∞ (PDGF-AS) resulting in a PCR product of per sample, for TGF-b 1 pg. For each animal four com-225 bp length [16 ] . For TGF-b the sense primer was petitive PCRs were run for PDGF and TGF-b respectively. 5∞-CACCATCCATGACATGAACC-3∞ (TGF-b-S), the antisense primer was 5∞-TCATGTTGGACAACTGCTCC-3∞
Analysis of PCR fragments
(TGF-b-AS) resulting in an amplification product of 404 bp [17] .
Relative amounts of PDGF-and TGF-b mRNA in each sample were quantified according to a modification of the
Reverse transcription and PCR
method described by Krukoff et al. [18] . Twenty microlitres of the amplification products were electrophoretically separReverse transcription was performed according to Krukoff ated on 3% agarose gels (Life Technologies). Images of the et al. [18] . Total RNA (1 mg) was dissolved in 40 ml of a ethidium-bromide-stained bands for PDGF and TGF-b and reaction mixture containing 1 mmol dATP, dCTP, dTTP and their respective mutant cDNAs were digitized with a gel dGTP, 10 U RNAsin (Life Technologies), 100 pmol random documentation system (INTAS, Gö ttingen, Germany) and hexamers (Boehringer Mannheim, Germany), PCR buffer the intensities of the bands were measured densitometrically (final concentrations 50 mmol/l KCl, 20 mmol/l Tris-HCl (National Institute of Health IMAGE 1.44 program). For (pH 8.4), 2.5 mmol/l MgCl 2 , and 10 mg/ml nuclease-free each reaction the relation of the intensity of the endogenous bovine serum albumin), and 200 U Superscript reverse tran-cDNA band to its respective mutant cDNA band was scriptase (Life Technologies). After incubation at 42°C for calculated. For each animal, the mean of four reactions was 45 min, the enzyme was denaturated for 5 min at 95°C. For calculated. each animal reverse transcription was carried out four times. The resulting cDNA was pooled and realiquoted for PCR Statistics each containing 0.25 mg of reverse-transcribed RNA. The cDNA was amplified in 100 ml of a solution containig PCR All data are expressed as mean±standard deviation or buffer (Perkin-Elmer (MgCI 2 ) for PDGF 1.5 mmol/l, for median respectively. Kruskal-Wallis test or one-way analysis TGF-b 2.5 mmol/l ), 8 pmol of each primer, and 2.5 U Taq of variance (ANOVA) respectively, were chosen for analysis polymerase (Life Technologies). The reaction was run on a of variance, followed by the Scheffé test to determine whether Perkin-Elmer/Cetus thermal cycler. PDGF cDNA was ampthe differences between the groups were significant. For lified using the following conditions: initial denaturation at comparison of two groups the Wilcoxon test for unpaired 94°C for 3 min, 94°C for 1 min, annealing at 58°C for 1 min, samples was used. Results were considered significant when and extension at 72°C for 1 min and 32 cycles. For amplificathe probability of error (P) was less than 0.05. tion of TGF-b cDNA: initial denaturation at 94°C for 3 min, 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min (29 cycles). After PCR, 10 ml of loading Results buffer (50% glycerol, 10 mmol/l Tris-HCl (pH 8.0), and 0.25% bromphenol blue and xylene cyanol ) was added to each sample. Gel electrophoresis was used to verify ampli-Description of the model (Table 2) fication products for the predicted size.
Eight weeks after SNX, plasma urea and creatinine concentrations were significantly higher than in shamCloning of internal standards operated controls or in 1C-2K respectively. Although haemoglobin (Hb) concentration was significantly
The deletion mutant of PDGF was generated using a method lower in SNX compared to controls we emphasize that described by Fö rster [19] . The cDNA generated by the sense (PDGF-S ) and antisense (PDGF-AS ) primer (size of ampli-SNX animals were not severely anaemic. They were also not in advanced renal failure. Mean systolic blood sion of PDGF-AB in the cardiac interstitium of SNX compared to sham-operated controls and 1C-2K pressure was moderately but significantly increased in respectively (Figure 2 a,b , Table 4 ). PDGF-AB expres-SNX and 1C-2K compared to sham controls. Bodysion was extremely pronounced in the cytoplasm of weight was comparable in sham-operated controls and interstitial fibroblasts (Figure 2 c,d ). In the wall of SNX, whereas in 1C-2K rats it was significantly lower.
intramyocardial arterioles expression of PDGF-AB Compared to sham-operated rats the heart-weight/ and VEGF was significantly higher in SNX than in body-weight ratio was significantly higher in SNX and sham-operated rats. The same was found in 1C-2K still higher in 1C-2K rats.
with the exeption of PDGF-AB ( Figure 3 , Table 5 ).
Interobserver error of all semiquantitative analyses Immunohistochemical investigation of cardiac was 3%, i.e. concordance was reached in 95% of cases interstitium and intramyocardial arteries (Tables 3-5 , and a differences of one score was detected in only Figures 1-3) 5%. Differences greater than 1 score were never encountered. The number of PCNA-positive interstitial cells, and arterial smooth-muscle cells was significantly higher in Quantitative PCR measurements (Figure 4, Tables 6,7 ) SNX compared to sham-operated controls and 1C-2K rats ( Figure 1, Table 3 ). Scoring of the expression of Despite the immunohistochemical evidence of increased staining for PDGF in selected cardiac strucgrowth factors revealed significantly increased expres- Data are expressed as median of mean scores. *P<0.05 vs SNX. n.m.: not measured (see Table 4 ). tures, PDGF mRNA (and TGF-b mRNA) were not Discussion significantly increased in the whole-heart homogenates of rats with renal failure 8 weeks after SNX ( Table 6 ). The present experiment confirms and extends previous Early transient changes in PDGF-and TGF-b mRNA studies on structural changes of the heart in renal are supported by an exploratory experiment 2 days failure, i.e. development of LVH, expansion of the after binephrectomy (NX ). Body-weight and heart-interstitial tissue, reduction of capillary supply, and weight were comparable in NX and sham-operated increase of wall thickness of intramyocardial arterioles controls. PDGF-mRNA ratio was significantly greater [4-6,8]. It had previously been demonstrated that these in the hearts of NX than in sham-operated controls architectural changes are in part independent of blood ( Figure 4 ) and TGF-b mRNA was significantly pressure [4] and can be prevented by different antihypertensive agents. The latter differ in their relative decreased ( Table 7) . effects on LVH, fibrosis, and vascular changes [20] . increase in the expression of PDGF-AB and VEGF on the protein level.
Data are expressed as mean±standard deviation; the differences Several methodological problems deserve further between groups are not statistically significant. #Ratio mRNA/ comment. In this study we can exclude a number mutant internal standard mRNA.
of confounding factors, since the SNX rats were deliberately neither severely anaemic, nor in advanced intermittent blood-pressure peaks [21] . In a recent study, however, we used the same protocol and con-
firmed only slight blood-pressure elevation in SNX by factors such as hyperkalaemia, metabolic acidosis, catabolism, etc. By pooling the right and left ventricle for RT-PCR measurements selective changes in the left ventricle might have been obscured, but we saw no differences in structural parameters between right and left ventricle.
In this exploratory descriptive study no interventions were performed to prove causal involvement of the factors the expression of which was altered. In order to obtain insights into the underlying mechanisms, further studies are necessary.
The strikingly increased number of PCNA-positive interstitial and vascular smooth muscle cells after SNX, but not after clipping of the renal artery, clearly shows that activation of these cells is not explained by the increase in blood pressure per se or the increase in could point to fibroblast activation leading to an increased synthesis of extracellular matrix components, hyperreninaemic state [20] . This point is of importance, as has been documented in past studies using qualitatsince renin has been implicated in cardiac remodelling ive and quantitative light-and electron-microscopy [22] . As an exploratory analysis to detect a potential [7, 20] . The increase in numbers of PCNA-positive transient early cytokine expression we also examined vascular smooth muscle cells ( VSMC ) is paralleled, bilaterally nephrectomized animals. We are aware, however, by a significant increase in cell volume. This was noted in previous studies when we compared the however, that this model may be confounded by walls of intramyocardial arterioles of SNX and sham-et al. [36 ] are of interest: They demonstrated increased VEGF mRNA in liver and heart of anaemic animals. operated controls, using the highly accurate nucleator technique [26 ] . In addition, it was shown that the Since a significant decrease in Hb was noted after SNX, reduced Hb is one potential explanation for the increase in cell volume and vascular wall thickness after SNX was partly dependent on a permissive effect increase in vascular VEGF expression. In addition, the reduction in myocardial capillary supply and the of PTH, possibly mediated via PTH/PTH-rp receptors on VSMC [8, 27] . We emphasize that the increase in increase in cardiomyocyte volume, as shown in previous studies [7, 37] , may increase the oxygen diffusion PCNA positivity was specific for cardiac tissue, since it could not be detected in skeletal muscle tissue (m. distance, thus further rendering the myocardium more susceptible to hypoxia. A direct effect of uraemia is psoas) which was investigated as a control tissue.
In the present study even some cardiomyocytes of not excluded, however. The present study documents specific activation and SNX were PCNA positive. Since cardiomyocytes are postmitotic cells, the finding presumably reflects cell proliferation of the different types of cardiac cells, in experimental uraemia. This is not explained by elevated activation rather than cell replication. This could result from reparative processes. It could also reflect develop-blood pressure or left ventricular hypertrophy and must therefore be specific for renal failure. Salient ment of polyploidy of cardiomyocytes in response to damage, e.g. toxic metabolites. In this context, it is of observations were increased staining for PDGF-AB in the cardiac interstitium and for VEGF in arterial interest that in experimental cardiomyopathy increased expression of PCNA is associated with induction of vessels of the heart. These descriptive observations call for further studies to identify the signals leading to cell the fas-protein, a marker of apoptosis and increased DNA fragmentation [28] . Preliminary studies in and cytokine activation involved in cardiovascular remodelling in uraemia. uraemic animals from this laboratory point to selective reduction of the number of cardiomyocytes after SNX,
